The anti-fibrillatory effect of potassium is well recognized from experimental models. There have, however, been very few clinical reports on the use of potassium to convert ventricular fibrillation (VF) after cardioplegic arrest.
INTRODUCTION
Application of paddles into the pericardial sac with directcurrent (DC) countershock is the traditional way of treating postischaemic ventricular fibrillation (VF) during on-pump cardiac surgery. It has been brought to our knowledge that in many heart surgery centres, VF conversion with administration of potassium in the perfusion line has been the first-hand alternative for several years. We also favour this option because it implies no interruption of the operative procedure and avoids the possibility of inducing conceivable minor myocardial necrosis and damage to constructed anastomosis and grafts [1, 2] . In the literature, the use of potassium to convert VF during cardiopulmonary bypass (CPB) has been seldom addressed. In 1984, Robicsek [3] reported on 12 patients who had reclamping before recardioplegia; and in 1995, Øvrum et al. [2] described the results from 100 patients who had potassium treatment comparable with the present study. Recently, 3 more patients with post-arrest VF storm who had potassium injection into the aortic root were described [4] . The paper was commented on and it was maintained that secondary cross-clamping and blood cardioplegia could serve just as well in this situation [5] , as also reported by others [6] . Our study is much larger concerning the patient population where potassium conversion of post declamping VF is the routine. The purpose of the study was to describe the efficacy of potassium in converting post-arrest VF and to find possible significant differences between patients with and without post-ischaemic VF during CPB. The study is observational and not a comparative investigation between conversion by potassium vs electrical conversion, as the latter represents patients with failed conversion after primary treatment with potassium infusion.
In the present study, all patients who had cardiac operations in our institution from January 1999 to December 2006 were included and their relevant characteristics are shown in Table 1 . Postoperative data are not included in this report.
Operation
Anaesthesia and operative procedures were standardized throughout the period. Anaesthesia was inducted with isoflurane, thiopental sodium, diazepam, fentanyl and pancuronium and prolonged with propofol infusion. Adequate blood pressure regulation was obtained with glycerolnitrate and ephedrine. The operations consisted of coronary bypass graft surgery, valvular procedures (replacement or plasties when appropriate), aortic surgery or combinations of these ( Table 1 ). All operations were performed on CPB with non-pulsatile flow at moderate hypothermia (except a few aortic replacement procedures in circulatory arrest) and with cold antegrade crystalloid cardiac arrest. Retrograde administration of cardioplegia and blood cardioplegia were not used. Venting was routinely performed via a combined cardioplegic/venting line in the ascending aorta and by way of the aortic ostium during aortic valve procedures and the left atrial incision when mitral surgery was undertaken. The CPB circuit had a hard shell reservoir. Vacuum-assisted venous drainage was done in 1480 (17.5%) patients, and only 261 (3.1%) had ultrafiltration. The ventilator was deactivated during CPB. When judged necessary, blood as erythrocyte concentrate (SAG) was transfused. During CPB, the normative haemoglobin level for transfusion was <7 g/dl. Anti-arrhythmic drugs were not given before release of the aortic clamp.
Cardioplegia
We used a modified St. Thomas crystalloid solution containing per millilitre 0.8 mmol magnesium chloride, 0.8 mmol potassium chloride, 0.5 mmol procain hydrochloride with sterile water and sodium acid to pH 3.5-4.0, of which 20 ml was mixed with 1000 ml Ringer's acetate. This final solution was administered cold and antegradely through the cardioplegic line in the proximal aorta or directly into the left and right coronary ostium whenever the aorta was opened, and repeated every 20 min during the time of cross-clamping.
Cardioplegia-BMI unit
In our analysis, the amount of cardioplegia was related to the body mass index (BMI) by using a cardioplegia-BMI ratio in the calculations (cardioplegia/BMI).
Administration of potassium after aortic clamp removal
If VF was sustained after declamping of the aorta, 20 mmol (20 ml) of potassium chloride was given through the sampling line into the venous oxygenator reservoir and infused into the proximal aorta via the arterial line. If VF conversion did not occur, 10 mmol more potassium chloride was added. This implies that the potassium infusion was performed without any prior sophisticated calculations or consideration of potassium values in all patients with post-arrest VF because of simplicity. If not successful, DC conversion was carried out as a second-hand procedure and always with success. The typical response to potassium infusion was a few seconds of asystole followed by resumed supraventricular rhythm-mostly sinus.
Subgroup study of serum potassium
In the database, systemic serum potassium values were not registered. To overcome this limitation, 150 patients, 50 without postarrest VF, 50 with VF and successful potassium-induced conversion and 50 with unsuccessful potassium conversion (DC converted), were randomly selected using a random number generator. Preoperative serum potassium and the last on-pump potassium value before aortic declamping were retrospectively obtained from laboratory files and perfusion records.
Statistical analysis
Continuous variables are depicted as mean ± standard deviation (SD) and tested for normal distribution by the Shapiro-Wilk test. If no deviation from normal distribution was observed, differences in means were tested by unpaired t-tests. Otherwise, the Mann-Whitney test was used. Fisher's exact test was used for analysing categorical data, with the χ 2 test only used when the permutations in Fisher's test exceeded the limit of the statistical package. In no case were both tests applied. In the retrospective subgroup study of serum potassium, the difference in measurements was assessed by repeated-measure analysis of variance. The logistic regression model was used in the multivariate analysis. All analyses were conducted with the use of STATA software version 10 (College Station, TX, USA).
RESULTS
Of the 8465 patients 1721 (20.3%) had post-arrest VF, and 1366 (79.1%) were successfully converted by potassium. Only 355 (20.9%) patients (4.2% of all patients) were treated by electrical defibrillation. In the conversion group, 87.9% were treated with 20 mmol potassium and 12.1% with 30 mmol potassium. No sideeffects of the potassium infusion were registered. In particular, there were no observations of severe blood pressure elevation. Temporary use of a pacemaker was needed in 178 (10.3%) patients in the VF group and in 960 (14.2%) patients in the non-VF group (P <0.001). Table 2 shows several other differences between the post-arrest VF group and the non-VF patients.
Multivariate analysis
After multivariate analysis, age, gender, amount of cardioplegia-BMI and blood transfusion given strictly during CPB emerged as important factors for the occurrence of post-arrest VF. Left ventricular hypertrophy (LVH) was not a significant factor, nor was aortic clamp time. No conversion by potassium was, however, significant for LVH, and also for age, gender, but not for blood transfusion during CPB and cardioplegia-BMI (Table 3 ).
Age Figure 1 shows the age distribution related to the number of post-arrest VF and the potassium-induced conversion rate. The post-arrest VF was significantly lower in the older age group.
Gender
Regarding gender, it was found that the rate of post-arrest VF was 12.7% for females and 22.9% for males, and the respective potassium conversion rate was 85.6and 77.8%. In the female group, 90.5% converted with 20 mmol potassium and 9.5% after an extra dose of 10 mmol potassium. For males, the percentages were 85.3 and 14.7. For females, the VF rate was lower than for males all through the age span and the potassium conversion rate was higher except for the age group 46-55 years ( Fig. 2 and Table 3 ). The differences between the genders remained when corrected for BMI in the logistic regression. Figure 3 illustrates the relationship between the amount of cardioplegia-BMI and the occurrence of post-arrest VF and the rate of conversion by potassium. Lower cardioplegi-BMI gave a significantly higher frequency of post-arrest VF (Table 3 ). The only exception to this was male patients with BMI under 20 and over 40, but they represent only 1.5% of all males.
Cardioplegia

Blood transfusion during cardiopulmonary bypass
Blood transfusion during CPB reduced VF considerably (Table 3 ). Without transfusion, 22.1% had VF, decreasing to 10.2% for those with transfusion. For females and males, the percentages were, respectively, 15.3 and 8.7 and 23.6 and 12.8. Overall, blood transfusion reduced the risk of post-arrest VF by 31.6%. The potassium-induced conversion rate was 79.1% for patients with no blood transfusions and 77.7% for those with transfusions. These respective percentages were 85.9 and 84.7 for females and 78.1 and 69.0 for males. In the female group, 38.5% received transfusion during CPB compared with 7.1% for males. There was a linear increase in blood transfusion with rising age.
Aortic cross-clamp time
Cross-clamp time was an apparent significant predictor for postarrest VF, but not when confounders were included. The rate of VF was higher in patients with very short clamp times (<15 min). Figure 4 demonstrates that the VF rate and conversion rate in male and female patients with LVH were lower when compared with patients diagnosed with no LVH (Table 3) .
Left ventricular hypertrophy
Serum potassium
The results from the retrospective subgroup study of serum potassium in blood tests taken preoperatively and during CPB before removal of the aortic cross-clamp are shown in Table 4 . There were no significant intergroup differences in potassium values at the two time-points.
DISCUSSION
The ability of potassium to convert VF is not a new observation. Already in 1961, it was demonstrated that intracardiac injection of potassium might induce cardioversion in a clinical resuscitation setting [7] . In 1984, Robicsek [3] reported a series of 12 patients having persistent post-arrest VF treated with reclamping and reinstitution of cardioplegia with subsequent cardiac arrest and pacing in the reperfusion phase. Eleven years later, there was an article describing 100 patients who had potassium treatment nearly the same way as in our study [2] . One study on three patients with VF storm and potassium injection in the aortic root was published in 2011 [4] . In experimental models, the anti-fibrillatory effect of hyperkalaemia on sustained VF has been demonstrated years ago [8] . The exact mechanism of action has remained unclear, but a recent report gives new insight into the electrophysiological effects of hyperkalaemia on VF dynamics, including organization and termination beyond the universal principle of depolarization [9] . Recently, there was also a study on the use of systemic hyperkalaemia to convert intractable VF during CPB in a porcine model [10] . It was reported that potassium can offset VF unresponsive to electrical defibrillation due to prolonged (15 min) cardiac arrest. There have been few published observational studies on the topic. To our knowledge, the present study represents the largest so far.
In our study, 20.3% of the patients had post-ischaemic VF and 79.9% of these had successful VF conversion by infusion of potassium into the perfusion line. The conversion rate is similar to that of the previous report [2] . We also agree that the advantage of potassium infusion compared with the somewhat more cumbersome conventional defibrillation is that the operative procedure can proceed without interruption, and there are definitely no risks of injury to grafts by paddles and minor myocardial necrosis due to the electrical current [1] . No side-effects of the potassium treatment were observed. The need for transient pacing was not higher in the potassium-treated group compared with the rest of the patients.
By adding 10 mmol extra potassium, 12.1% more patients were converted. It might be that even more potassium could have implied a yet higher cardioversion rate, hypothetically 100%. We believe that the option should be tested. In a porcine model with intractable VF after simulating an un-witnessed cardiac arrest of 15 min, induction of hyperkalaemia converted all [10] . This was described as an exciting and 'disruptive concept' [11] . Potassium is essential in most cardioplegic solutions to keep the heart arrested [12] . Systemic hyperkalaemia has also been used innovatively to induce cardiac standstill during valve surgery in patients with the patent internal mammary graft [13] . In our register, serum potassium values were not included as a parameter. To overcome this limitation, a retrospective registration of potassium measurements performed preoperatively and on-pump before release of the aortic cross-clamp was done in a random sample of 150 patients, revealing no significant differences between patients with and without post-arrest VF and between the patients with successful and non-successful potassium-induced conversion (Table 4) .
The exact mechanism of VF following removal of the aortic clamp is not completely understood. The aetiology is without doubt multi-factorial. Poor myocardial protection, transient electrolyte and acid disturbances and gradients, and conduction abnormalities among others, play a role.
We found that age, gender, amount of cardioplegia (also when related to BMI) and blood transfusion ( packed red cells, SAG) given strictly during CPB were statistically related to the occurrence of reperfusion VF. Older patients had a lower postarrest VF rate than younger ones. This is in some contrast to experimental animal studies showing ischaemic intolerance in the aged heart [14, 15] . However, in animal studies, improvement has also been reported in this respect with senescence [16, 17] . In a clinical setting, it can be speculated whether the phenomenon of preconditioning is operating [18, 19] . The older patients in the present study might have been exposed to more repeated episodes of myocardial ischaemia and thus have become more tolerant to cardioplegic ischaemia manifested by a lower rate of post-cardioplegic reperfusion VF. However, this remains as a pure speculation as there are no data substantiating the theory.
We found that females had a lower occurrence of post-arrest VF than males. Sex differences have also been demonstrated in experimental studies using Langendorff perfusion [14, 15] . These studies are in agreement with clinical reports showing that women have worse outcomes after cardiac surgery [20, 21] . The publications showing inferior outcomes for women have mostly been on patients undergoing cardiac surgery prior to year 2000. More recent reports challenge these previous results, demonstrating a clear trend to better prognosis for female patients [22, 23] .
It was reassuring to document that more cardioplegia, also when related to BMI, gave a seemingly better cardiac protection by lowering the post-arrest VF rate. It raises the question whether some of our patients had inadequate cardioplegic protection by receiving less-than-required cardioplegia resulting in A quite surprising and novel observation was that transfusion of erythrocyte concentrate (SAG) during the time of CBP reduced the VF rate considerably and independently. The exact time-point of transfusion during CPB was not registered in the database (solely that the transfusions were performed during the time of CPB). The notion is that most of the transfusions were performed prior to aortic clamp removal because of dilution with low haematocrit during extracorporeal circulation. SAG-blood has containments that might influence reperfusion arrhythmias. It is known that the potassium content increases with storage time. If such blood is given close to the declamping time, then it will be understandable that the potassium load might suppress the occurrence of malignant reperfusion arrhythmias. This possibility was, to some degree, eliminated by comparing potassium values from patients with and without VF and finding that there were no significant differences. The calcium homeostasis is also affected by blood transfusion and might have a role [24] . Other blood containments can also influence the reperfusion phase. A more detailed investigation of the observed blood transfusion effect is warranted.
LVH was not a predictor for post-arrest VF, but was for the potassium-induced conversion rate. This is not quite as expected [3] [4] [5] . LVH was diagnosed by electrocardiography and/or echocardiography. It cannot be totally ruled out that some patients were not correctly diagnosed.
Cross-clamping time should be as short as possible. Paradoxically, we found that the shortest ischaemic times had the highest VF rates. These patients mostly had one-and two-vessel disease with expected rapid constructions of the peripheral anastomoses and with a tendency to relatively less cardioplegia. Short arrest time also implies that the cardioplegic solution might not fully concur its effects.
We used cold crystalloid cardioplegia in every patient. It remains open whether the findings can be transferred to surgical units, which prefer to use blood cardioplegia. Yet, in a recent randomized study between cold blood and cold crystalloid cardioplegia in aortic valve patients, the occurrence of postarrest VF was not significantly different [25] .
It is concluded that infusion of potassium to a high extent converted post-declamping VF. We believe that the study establishes the practice and advice it as a routine measure instead of first-hand electroconversion by paddles. 
